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wherein m = 0 to 1.0, and n = 1.0 - m; and Ar,, Ar 2 , Ar 3 and Ar 4 are individually non-functional ized divalent arylene 
radicals are dielectric materials for use in microelectronic devices. Preferably said divalent radicals are selected from 
certain phenylene, biphenylene, triphenylene, naphthalene, anthracene, phenanthrene, 9,9-diphenylfluorene and 
dibenzofuran diradicals. 



CD 
CD 

CO 

to 
o 

Q. 
LU 



Printed by Jouve. 7S00I PARIS (FR) 



EP0 758 664A1 



Description 

The present invention is directed to the field of poly(arylene ethers) dielectrics which do not contain any metal- 
reactive groups in the polymer, such as activated fluorine substituents. More particularly, the present invention is di- 
rected to nonhalogenated poly(arylene ethers) used as low dielectric insulating layers in electronics applications and 
articles containing such poly(arylene ethers). 

The electronics fabrication industry uses dielectric materials as insulating layers between various circuits and 
layers of circuits in integrated circuits and related electronic devices. As the electronics fabrication industry moves 
toward more compact circuitry with finer circuit or line geometry in more densely-packed circuit patterns, the dielectric 
constant requirements of the insulating layers grows more demanding for tower values. 

Therefore, there is a need in the electronic fabrication industry for the replacement of silica-based, interlayer die- 
lectric materials with materials of lower dielectric values. Silica and its modified versions have dielectric values on the 
order of 3.0 to 5.0 and usually 4.0 to 4.5. Polymeric materials used as replacements for silica as interlayer dielectric 
materials can have values for dielectric constant in the range of 1.9 to 3.5, which values are highly dependent on the 
structure of the polymeric materials. To successfully replace silica as an interlayer dielectric material, the properties of 
polymeric materials must conform to the rigid manufacturing requirements for integrated circuits or microchips in the 
electronic fabrication industry. 

Various polymers have been proposed and utilized as dielectric materials for integrated circuits, wherein such 
polymeric materials include polyimides and fluorinated poly(arylene ethers). 

The presence of fluorine in polymeric dielectric materials was utilized to achieve several results, in the pofyimides, 
fluorine containing substituents towered the dielectric value, reduced the hydrophilicity, enhanced optical transparency 
and controlled the solubility of pofyimides in organic solvents. The presence of fluorine in the fluorinated poly(arylene 
ethers) which were proposed as substitutions for low dielectric materials enhanced the synthesis of the fluorinated poly 
(arylene ethers) by activating the appropriate sites in the polymer precursors as well as providing low dielectric values. 
In addition, polyimides have been altered with thermally unstable derivatives which decompose to gaseous byproducts 
to provide a self-foaming polyimide dielectric material which has reduced dielectric constants taking advantage of the 
low dielectric constant value of air which is 1 .00. 

Neil Hendricks, Brad Wan and Aaron Smith reported in "Fluorinated Polyfaryl ethers): Low Dielectric Constant, 
Thermally Stable Polymers for Sub-Half Micron LMD Applications' presented at the DUMIC Conference, February 
21 -22, 1 995, pages 283-289, polymers of fluorinated poly(aryl ethers) developed at Allied Signal provide low dielectric 
constant, interlayer dielectric materials. These fluorinated poly(aryl ethers) were found to have low dielectric constants 
and extremely tow levels of adsorption and outgassing of moisture during processing. As depicted in Fig. 3 of the 
article, SiF 4 was detected as a decomposition product of the polymer at temperatures of about 540°C. The polymers 
were representative of those disclosed in US-A-5, 1 1 5,082. 

Frank W. Mercer and Timothy D. Goodman reported in "Development of Low Moisture Adsorbing Low Dielectric 
Constant Dielectrics for Multichip Module Fabrication" in the proceedings of the International Electronics Packaging 
Conference, Marlborough, Massachusetts, September 1990, pages 1042-1062, that various polyimides can be used 
as dielectric materials for multichip modules by fluorinating the polymers up to 20% fluorine by weight of the polymer. 
The incorporation of fluorine-containing groups produce a reduction in dielectric constant and moisture adsorption. 

Frank Mercer, David Duff, Janusz Wojtowicz and Timothy Goodman in "Low Dielectric Constant Fluorinated Aryl 
Ethers Prepared From Decafluorobiphenyl" appearing in Polymer Material Science Engineering, Vol. 66, 1992, pages 
198-199, report five new fluorinated poly(aryl ethers). Polymer No. 2 was produced using 9,9-bis(4-hydroxyphenyl) 
fluorene. The polymers were cited to have good properties for electronic applications. 

Frank W. Mercer and Timothy D. Goodman in "Factors Affecting the Moisture Adsorption and Dielectric Constant 
of Fluorinated Aromatic Polymers" appearing in Polymer Preparation (American Chemical Society Division of Polymer 
Chemistry), Vol. 32(2), 1991, pages 189-190, disclose that dielectric values of polyimides and fluorinated poly(aryl 
ethers) are dependent on the presence of polarizable groups such as imide linkages, as well as ketones, sulfones, 
and nitrile groups. The reported polymers had either these polarizable groups or activated fluorine in their chemical 
structure. The presence of the polarizable groups was disclosed to have detrimental effects on dielectric constants 
and moisture adsorption. 

Flaychem Corporation has patented various fluorinated poly(aryl ethers) which may be crosslinked and/or end 
capped to control polymer parameters, which polymers are recited to have desirable properties for dielectric materials 
used in integrated circuit fabrication. These patents include US-A-5, 108,840, US-A-5, 11 4, 780, US-A-5, 145,936, US- 
A-5,155,175, US-A-5,1 73,542, US-A-5,204,416, US-A-5,235,044, US-A-5,270,453 and US-A-5, 179, 188. 

L. M. Robeson, A. G. Famham and J. E. McGrath in "Effect of Structure on the Dynamic Mechanical Behavior of 
Pofy(Aryl Ethers)" appearing in ACS Polymer Preprints, Vol. 16(1), page 476-479, 1975, disclose the synthesis of 
various poly(aryl ethers), some of which have sulfone bridging groups and other which have oxygen -bridging groups. 
No particular utility is suggested for these polymers. 
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L. M. Robeson, A. G. Farnham and J. E. McGrath in "Synthesis and Dynamic Mechanical Characteristics of Poly 
(Any I Ethers)' in Applied Polymer Symposium No. 26 1975, pages 373-385, disclose poly(aryl ethers) with sulfone 
bridging groups. Ether linkages and carbon-to-carbon chemical bonds are also contemplated in replacement of the 
sulfone bridging unit. 

s US-A-3,332,909 discloses polyarylene polyethers having various dihydric dinuclear phenyls wherein R and R' can 

be hydrocarbon radicals having 1 to 1 8 carbon atoms, inclusive. The utility of these polymers is recited to be for shaped 

and molded articles in the preparation of film and fiber products. 

M. J. Jurek and J. E. McGrath in The Synthesis of Poly(Arylene Ethers) via the Ullmann Condensation Reaction" 

appearing in Polymer Preprint, Vol. 28(11), 1987, pages 180-183, disclose the cuprous catalyst-driven condensation 
10 between a halogenated monomer and a dihydric phenyl to produce polyfarylene ethers). The polymers are described 

as having enhanced radiation stability and tower moisture adsorption relative to polyether sulfones, but no other utility 

is provided. 

The prior art has synthesized various poly(arytene ethers) by the Ullman condensation using cuprous catalysts. 
These poly(arylene ethers) have not been identified with a particular utility other than as moldable or castable polymers. 

15 The prior art has also suggested the use of fluorinated poly im ides and fluorinated poly(arylene ethers) produced by 
different syntheses for use as low dielectric materials in interlayer dielectric materials for integrated circuits and elec- 
tronic devices. However, these two classes of polymers are not fully acceptable for interlayer dielectric materials due, 
in the case of poly im ides, to the polarizable groups and the hydrophilicity of the materials in the presence of water or 
high relative humidity, and in the case of fluorinated poly(arylene ethers), the potential evolution of fluorinated byprod- 

20 ucts at elevated temperatures and the reactivity of the fluorinated groups, especially with metals. The present invention 
overcomes these drawbacks by recognizing a unique utility for a class of pory(arylene ethers) as a replacement for 
silica-based dielectric material wherein the poly(arylene ether) does not have nonaromatic carbons (other than per- 
phenylated carbon), fluorinated substituents or other metal-reactive groups, while providing a low dielectric constant, 
high thermal stability, and low hydrophilicity under high relative humidity conditions, as will be set forth in greater detail 

25 below. 

The present invention is a dielectric material provided on a microelectronic device, wherein the dielectric material 
contains a poly(arylene ether) polymer comprising repeating units of the structure: 



— [- O An O Ar 2~f~"| 0 Af3 ° Ar * 

m n 

35 wherein m = 0 to 1 .0; and n = 1 .0 - m; and Ar 1f Ar 2 , Ar 3 and Ar 4 are individually divalent arylene radicals. 
Preferably, Ar, , Ar 2 , Ar 3 and Ar 4 are individually selected from: 
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but Ar^ Ar 2 , Ar 3 and Ar 4 together, other than the diradical 9,9-diphenylfluorene, cannot be isomeric equivalents. 
Preferably, A^ and Ar 3 are 9,9-diphenylfluorene diradicals. 
In one preferred embodiment, m=0.5 - 1.0, especially 0.5. 
Alternatively, m=1 and Ar, is biphenyl diradical. 
30 Further alternatively, m=1 and Ar 1 is terphenyl diradical. 

Preferably, the microelectronic device is an integrated circuit. 

More preferably, the integrated circuit has conductive regions and the dielectric material is provided adjacent the 
conductive region. 

Preferably, the dielectric material is provided between conductive regions. 
35 More preferably, the conductive regions are conductors and the dielectric material is provided between adjacent 

conductors. 

Preferably, the dielectric material is a layer between the conductors. 

Figure 1 is a graph of thermal stability of polymers of the present invention (PAE-2 to 4) compared to a polymer 
of the prior art (PAE-1) at 450°C in a nitrogen atmosphere as a function of time. Thermal stability is measured by 
40 percent weight loss. 

Figure 2 is a graph of dynamic mechanical property of the polymer of the present invention synthesized in accord- 
ance with Example 3 and crosslinked in accordance with Example 6 wherein modulus of a film of the polymer is plotted 
against increasing temperature. 

As interconnect dimensions in integrated circuits shrink well below one-half micrometer, traditional interlayer die- 
45 lectrics, with their relatively high dielectric constants, provide unacceptable levels of capacitance in interconnects. 
There is a need in the integrated circuit (IC) industry for the replacement of silica based, interlayer dielectric (ILD) 
materials with materials of lower dielectric (e) values. Silica and its modified versions have e values on the order of 
3.0-5.0 (usually 4.0-4.5). 

Organic polymers are, in general, known to exhibit significantly lower dielectric constants than inorganic oxides 
50 and nitrides, and thus may be considered as candidates for the intermetal dielectric in future integrated circuits. How- 
ever, the challenges associated with integrating organic polymers are significant. For example, the thermal and thermal- 
oxidative stability of most organic polymers is far too low to allow integration, given current typical back-end-of-the- 
line process temperatures. Some classes of polymers, notably polyimides and other polymers based largely or exclu- 
sively on aromatic linking groups, appear to exhibit sufficient thermal stability to withstand current back end processing 
55 temperatures. Additional key requirements in polymer dielectric candidates include (a) low dielectric constants to pro- 
vide significant reductions in capacitance, and (b) extremely tow levels of adsorption andfor outgassing of moisture 
during thermal processing. 

Polymeric materials can have e values in the range of 1.9-3.5, which is highly dependent on the structure. The 
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present invention provides a new family of polymeric materials that are superior to the currently considered polymeric 
matenals for this application and other applications, such as multichip module packaging, encapsulation and flat panel 
display. The poly(arylene ethers) of the present invention exhibit an excellent combination of thermal stability, low 
dielectric constant, low moisture absorption and low moisture outgassing. In order to replace silica as an ILD, the 
properties of the polymeric material must conform to the rigid manufacturing requirements for microchips. Table 1 
summarizes the requirements set by IC manufacturers. 



Table 1. 



10 


Summary of Low e, ILD Requirements Set by IC Manufacturers 


15 


* Thermal Stability 


Must have thermal stability >400°C in vacuum or forming 
gas (N 2 with 4% H>). 

C VD Tungsten Deposition: 400-480 °C 
CVD Copper Deposition: 250-275 °C 


* Dielectric Constant 


Below 3.0, preferably 2.7 or lower. 




* Moisture Absorption 


Less than 0.5 wt%. 


20 


* Isotropic Dielectric Const. 


No anisotropy. Perpendicular and parallel dielectric 
constants must be the same and uniform across the 
wafer. 


25 


* High Tg 


Greater than 400 °C or greater than 250°C if crosslinked. 




* Adhesion to Cu, Al, Si0 2 and Si 


This is a must but adhesion promoters can be used. 


30 


* Low stress 


Optimum CTE (coefficient of thermal expansion)would 
be the same as for Si0 2 . 




* Must be pattemable 


Should be directionalry etchable by RIE (reactive ion 1 
etching). 


35 


* Chemical Compatibility 


No reactivity with metals (i.e. possible reaction between 
A1 lines and fluorinated polymers at elevated 
temperatures; Solubility of Cu in some polymers) 


40 


* No solvent absorption 


No swelling due to photoresist solvents. 




* Compatibility with CMP (chemical-mechanical 
polishing) 


Necessary if Damacene process used. 



45 



50 



55 



The present invention is a dielectric material provided: i) on a microelectronic device; ii) between various conductive 
devices of an integrated circuit in a microelectronic device; iii) between conductors in a circuit pattern of an integrated 
circuit; or rv) other similar structures and composites for microelectronic applications, wherein the dielectric material 
contains a poly(arylene ether) polymer comprising repeating units of the structure: 



Ar 2 - 



O Ar 3 o — Ar 4 -J- 



m 



n 



wherein m = 0 to 1.0; and n = 1 .0 - m. 

The monomers Ar 1( Ar 2 , Ar 3 and/or Ar 4 , which represent one or more aromatic ring structures can be selected 
from the following structures (in the dihalogenated form, Ar 2 and Ar 4 , or the dihydroxy form, Ar, and Ar 3 , prior to 
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polymerization, preferably the dibrominated form for the dihalogenated form and preferably the potassium, sodium or 
lithium form for the dihydroxy, respectively, wherein the mix of monomers is such that a dihalogenated monomer, Ar 2 
and/or Ar^ and a dihydroxy monomer, Ar, and/or Ar^ are selected for co-etherification in the Ullman condensation; 
and Ar lf Ar 2 , Ar 3 and Ar 4 together cannot be isomeric equivalents unless monomer I is present, because of crystal!^ 
zation problems, but subsets of less than all the Ar structures can be isomeric equivalents): 

A - phenylene: 




B - biphenyl diradical: 




C - para-terphenyl diradical: 




D - meto-terphenyl diradical: 




E - orr/xMerphenyl diradical: 
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G - anthracene diradical: 



w 




15 



20 




H - phenanthrene diradical: 



25 



30 




- diradical of 9,9-diphenylfluorene of the type: 



35 



40 



45 



50 



55 




J - 4,4'-diradical of dibenzofuran 



Tea 



Variations in Ar„ Ar 2 , Ar 3 and Ar 4 allow access to a variety of properties such as reduction or elimination of crys- 
tallinity, modulus, tensile strength, and high glass transition temperature polymer. These polymers have low polarity, 
have no additional functional or reactive groups detrimental to their use in low dielectric insulation and are thermally 
stable to temperatures of 400-450°C in inert atmosphere. 

In addition to the basic polymer structure, the polymer of the present invention may also be crosslinked either by 
crossl.nking itself, through exposure to temperatures of greater than 35<rC, or by providing a crosslinking agent as 
well as end capping the polymer with known end cap agents, such as phenylethynyl, benzocyclobutene. ethynyl and 
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The polymers contained in the dielectric material of the present invention can be homopolymers, consisting es- 
sentially ot a single repeat unit, such as one of the aforementioned phenylene or biphenyl diradical and the I structure 
fluorene derivative combination or the polymers can be copolymers comprising a repeat unit of the structure of the 
present invention in combination with other repeat units of polyols and phenyls known in the art. For instance, the poly 
5 (arylene ether) polymers of the present invention can be a copolymer of the etherification of phenylene A with 9,9-bis 
(4-hydroxyphenyl)-fluorene and biphenyl diradical B similarly etherified with the named fluorene derivative, various 
combinations of monomers A through J are also possible, so long as if the same monomer is used it has differing 
isomeric structure. 

In a copolymer where repeating units of this invention are combined with the repeat unit of another type of polymer, 

10 it is preferred that at least 60 mole%, more preferably at least 80 mole% of the repeat units are the polymers of the 
present invention. A copolymer can be alternating, random or block. 

The polymers of this invention do not bear any functional groups that are detrimental to their application in the 
fabrication of microelectronic devices. They do not have carbonyl moieties such as amide, imide, and ketone, which 
promote adsorption of water. They do not bear halogens such as fluorine, chlorine, bromine, and iodine which can 

is react with metal sources in metal deposition processes. However, it is preferred that the polymers are cross-linkable, 
especially with the same diol molecule as that used to form the polymer backbone. They are composed of essentially 
aromatic carbons, except for the bridging carbon in the 9,9-ftuorenylidene group, which has much of the character of 
aromatic carbons due to its proximity to aromatic structures. For purposes of the present invention, that carbon is 
deemed to be a perphenylated carbon. 

20 The polymer of the present invention can be used as coatings, layers, encapsulants, barrier regions or barrier 

layers or substrates in microelectronic devices. These devices may include, but are not limited to multichip modules, 
integrated circuits, conductive layers in integrated circuits, conductors in circuit patterns of an integrated circuit, circuit 
boards, as well as similar or analogous electronic structures requiring insulating or dielectric regions or layers. 

The polymers of the present invention may be used in a multichip module wherein a substrate typically made of 

25 silicon, glass or ceramic supports high density, multilayer interconnects in which the dielectric material providing insu- 
lation between the various layers contains the polymer of the present invention. On the interconnects are mounted 
semiconductor chips or integrated circuits which are connected to each other by electrical conductors in the intercon- 
nect. The substrate may also contain electrical conductors, for example, for power and ground. Lead frames provide 
connections to external circuitry. In such multilayer interconnects, layers of electrical connections are separated from 

30 each other by the dielectric materials containing the polymers of the present invention. The polymers of the present 
invention as dielectric material can also separate various regions of conductors, such as between various discrete 
conductors in a common layer. A via can provide connection between the various layers as necessary. The interconnect 
is connected to an integrated circuit chip by a bond pad. The via can be in a stacked pillar design, although other 
designs conventional in the art, such as stair-stepped or nested via designs, can be used. Other multichip module 

35 designs in which the polymers of the present invention can be used are known in the prior art. 

The potyfarylene ethers) of the present invention can also be used as interlayer dielectrics in an interconnect 
associated with a single integrated circuit chip. An integrated circuit chip would typically have on its surface plural 
layers of the poly(arylene ether) dielectric and multiple layers of metal conductors. It can also include regions of the 
poly(arylene ether) dielectric between discrete metal conductors or regions of conductor in the same layer or level of 

40 an integrated circuit. The poly(arylene ether) polymer can also be used in conjunction with conventional silicon, where 
the polymer is used between the metal lines on a layer with silicon used as the dielectric material between layers of 
conductor material. 

The poly(arylene ethers) dielectric material of the present invention can further be used as protective coatings on 
integrated circuit chips for protection against alpha particles. Semiconductor devices are susceptible to soft errors 

45 when alpha particles emitted from radioactive trace contaminants in the packaging or other nearby materials strike the 
active surface. An integrated circuit can be provided with a protective coating of the poly (arylene ether) dielectric 
material of the present invention. Typically, an integrated circuit chip would be mounted on a substrate and held in 
place with an appropriate adhesive. A coating of the poly(arylene ether) dielectric material of the present invention 
provides an alpha particle protection layer for the active surface of the chip. Optionally, additional protection is provided 

50 by encapsulant made of, for example, epoxy or a silicone. 

The poly(arylene ethers) dielectric material of the present invention can also be used as a substrate (dielectric 
material) in circuit boards or printed wiring boards. The circuit board made up of the poly(arylene ether) of the present 
invention has mounted on its surface patterns for various electrical conductor circuits. The circuit board may include, 
in addition to the poly (arylene ether) of the present invention, various reinforcements, such as woven nonconducting 

55 fibers, such as glass cloth. Such circuit boards may be single sided, as well as double sided or multilayer. 

Films or coatings of the poly(arylene ether) dielectric material of the present invention can be formed by solution 
techniques such as spraying, spin coating or casting, with spin coating being preferred. Preferred solvents are 2-ethox- 
yethyl ether, cyclohexanone, cyclopentanone, toluene, xylene, chlorobenzene, N-methyl pyrrol idinone, N,N-dimethyl- 
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15 
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25 
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formamide. N.N^dimethylacetamide, methyl isobutyl ketone, 2-methoxyethyl ether, 5-methyl-2-hexanone y-butyrolac- 
tone, and mixtures thereof. Typically, the coating thickness is between 0.1 to 5 micrometers. As a dielectric interlayer, 
the film thickness is less than 2 micrometers. 

Additives can be used to enhance or impart particular target properties, as is conventionally known in the polymer 
art, including stabilizers, flame retardants, pigments, plasticizers, and surfactants. Compatible or non-compatible pol- 
ymers can be blended in to give a desired property. 

Adhesion promoters can also be used to adhere the pofy(arylene ether) polymers of the present invention to the 
appropriate substrates. Such promoters are typified by hexamethyldisilazane, which can be used to interact with avail- 
able hydroxy! functionality that may be present on a surface, such as silicon dioxide, which has been exposed to 
moisture or humidity that creates such hydroxyl functionality 

Polymers for microelectronic applications desirably contain low levels (generally less than 1 ppm, preferably less 
than 10 ppb) of ionic impurities, particularly for dielectric interlayers. The synthetic procedure outlined by the Ullman 
condensation has three major sources of potential contamination, which must be removed for the Ullman condensation 
to be a viable synthesis. Those sources of contamination are copper catalyst, sodium from the salt of the hydroxy 
precursor and halogen such as bromine from the arylene precursor. It is surprising that the present invention could be 
achieved with the necessary purities by the Ullman condensation. When appropriate purification and coagulation/ex- 
traction procedures were identified which resolved this significant problem for the first time, it was found that the Ullman 
condensation could produce high purities of the polymers of the present invention. 

The poly(arylene ethers) show good high temperature stability They also can be crosslinked at elevated temper- 
atures in the range of 350 to 450°C. The ability to crosslink at elevated temperature makes the poly(arylene ethers) 
dielectric material of the present invention particularly useful in microelectronic applications because they can be readily 
applied from solution and then converted into a solvent-resistant coating by heating. 

The poly(aryl ethers) dielectric materials are prepared in high linear molecular weight by proper modification of 
the Ullman reaction. Ullman first illustrated that copper powder is a catalyst for making aromatic ethers by this reaction 
It has been indicated that the cuprous ion is the active catalyst and not CiP or Cu++. In oxidative coupling systems 
copper acts in a redox fashion, alternating between Cu" and Cu + , and reactions occur at relatively low temperatures 
Studies on the mechanism of the Ullman reaction conclude that Cu+ is the active species and coordinates with the n 
system of the aromatic halide, thus facilitating carbon-halogen cleavage. This scheme is essentially a nucleophilic 
aromatic substitution. With the Ullman reaction, the order of ease of halide replacement is I Br>CI»F which is the 
reverse of the order observed for the activated halide for poly ether-forming reactions. The Ullman reaction requires 
high temperature, such as 1 80 to 230*C. Solvent type is not critical as long as it is inert and is a solvent for the polyether 
formed. By contrast, with active halide reactions, the solvent is critical and restricted to a few solvents when low reaction 
temperatures are employed. Therefore, nucleophilic aromatic substitution of nonactivated aryl halides can be accom- 
plished using the Ullman condensation reaction. 

It is contemplated to use one or more dihalogenated phenyl-based compounds of the type A through J listed above 
Ar 2 and/or Ar 4 , in reaction with one or more of the alkali metal salt of a dihydroxylated compound of the type A through 
J listed above, A^ and/or Ar 3 . Thus, the repeating unit of the poly(arylene ether) polymer dielectric material of the 
present invention may include one or more mixtures of the arylene derivatives or polynuclear aromatics in halogenated 
and alkali metal salts of diol precursors identified with the structures A through J above. 

Alternatively, aromatic structures comprising one hydroxyl and one halogen on the arylene diradical can be em- 
ployed in the synthesis procedure noted above. These structures can be combined with other rronohydroxyl/mono- 
halogenated structures, as well as, dihydroxyl and dihalogenated arylene diradicals. The key to the desired molecular 
weight will, of course, be the hydroxyl/halogen ratio. 

The poly(arylene ether) dielectric material of the present invention can preferably be prepared in a substantially 
equal molar reaction of a double alkali metal salt of the dihydric 9,9-bis(4-hydroxyphenyl)fluorene, and potentially the 
alkali metal salt of the dihydroxy for a compound of the type A through J, with preferably one or more dibromo arylene 
derivatives of the structures A through J in the presence of a cuprous salt or cuprous salt complex as a catalyst Any 
alkali metal salt of the dihydric 9,9-bis(4-hydroxyphenyl)fluorene derivative, or additionally the dihydric form of a com- 
pound of type A through J, can be used as one of the preferred reactants. For the purpose of this invention to obtain 
a high molecular weight polymer, it is preferred to conduct the reaction under substantially anhydrous conditions and 
in an oxygen-free atmosphere. 

Generally, the reaction is carried out in an inert diluent in which the alkali metal salt of the dihydric derivative and/ 
or the dibromo arylene derivative of structures A through J is partly soluble. Suitable solvents include benzophenone 
diphenyl ether, benzonitrile, dialkoxy benzenes in which alkoxy group contains I to 4 carbon atoms, trialkoxy benzenes 
in which each alkoxy group contains 1 to 4 carbon atoms, diphenyl sulfone, dimethylsulfoxide, dimethylsulfone diethyl- 
sulfoxide, diethylsulfone, diisopropylsulfone, tetrahydrothiophene, 1,1-dioxide (tetramethylene sulfone or sulfolane) 
and tetrahydrothiophene-1 monoxide. 

The double alkali metal salt of the dihydric derivative generally exists in the hydrate form which should be dehy- 
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drated separately or in the reaction mass to ensure anhydrous conditions. Similarly, the alkali metal salt can be prepared 
in situ in the inert diluent by reacting the dihydric derivative with an alkali metal, alkali metal hydroxide, alkali metal 
hydride, alkali metal hydroxide, alkali metal carbonate or alkali metal alkyl compound, and thereafter removing water, 
by for example distilling off a water-containing azeotrope from the reaction mass, to obtain anhydrous conditions. 
5 Benzene, xylene, halogenated benzenes, toluene, and other inert azeotrope forming organic liquids are suitable for 
this purpose. 

The cuprous catalyst employed in the reaction can be a cuprous salt, such as cuprous halide, for example, cuprous 
chloride, cuprous bromide or cuprous iodide. Cuprous halides are preferred since they are highly effective, but other 
cuprous salts can also be employed, for instance, cuprous acetate, and cuprous formate. The cuprous catalyst can 
10 also be a complex of any of the foregoing cuprous salts obtained by combining the cuprous salt with a complexing 
agent such as pyridine, dimethyl acetamide, quinoline, dimethylformamide, and n-methylpyrrolidone. The quantity of 
the complexing agent can be varied widely, but is usually in excess of the cuprous salt. 

The reaction between the dibromo arylene structures A through J and the alkali metal salt of the dihydric derivative 
structures of A through J proceeds on an equal molar basis, variations in the molecular weight distribution can be 
15 obtained by varying the ratios of the diol and the dibromide. 

Reaction temperatures above room temperature and generally above 100°C are preferred. More preferred are 
temperatures between 1 80°C to 250°C. Higher temperatures can lead to degradation or decomposition of the reactants, 
the polymer and the solvents employed. 

The polymer is recovered from the reaction mass in any convenient manner, such as by precipitation induced by 
20 cooling the reaction mass or by adding a nonsolvent for the polymer, or the solid polymer can be recovered by stripping 
off the solvent at reduced pressures or elevated temperatures. 

Since the polymerization reaction results in the formation of the alkali metal halide (typically bromide) on each 
coupling reaction, it is preferred to either filter the salts from the polymer solution or to wash the polymer to substantially 
free it from these salts. 

25 Other synthesis techniques for the polymers of the present invention are possible and are contemplated, such as 

potentially nickel catalyst coupling syntheses, as reported in I. Colon et al., J. Poly. ScL, Part A, Poly. Chem., Vol. 28, 
pp 367-383 (1990). 

The invention is illustrated by the following Examples. 

Structures of specific poly(arylene ether)s used in the Examples are as folbws. 

30 
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0.50 

PAE-4 



PAE-1 represents a composition which is embodied by US-A-3,332,909 and is used as a comparative example. 

Comparison of isothermal stability data (450°C) (Table 4 and Figure 1 ) shows that PAE-1 does not have the thermal 
stability that PAE-2, PAE-3, and PAE-4 have and which is required for interlayer dielectric applications in micro-elec- 
tronics. Figure 1 shows thermal stability as % weight loss vs. time at 450°C in N 2 . 

As shown in Table 3, PAE-1 , has a much lower glass transition temperature than the poly(arylene ether)s covered 
by the present invention. 

In a recent article (Hendricks, N. H.; Wan, B.; Smith, A; Proceedings First International Dielectrics for VLSI/ULSI 
multilevel Interconnection Conference (DUMIC), 1995, pp 283m), evidence was provided that ring fluorinated, poly 
(arylene ether)s can react with a silicon surface, affording SiF4, at elevated temperatures. One skilled in chemistry 
would also anticipate that these fluorinated polymers would also react with metals, such as copper, aluminum, and 
tungsten, at elevated temperatures required for microchip manufacture. 

Example 1 (Comparative example) 

A mixture of 33.624 g (0.1000 mol) of 2,2-bis-(4-hydroxyphenyl)-1,1,1,3,3,3-hexafluoropropane, 75 g of toluene, 
and 100 g of benzophenone was charged to a 500 mL, 3-necked, round-bottomed flask fitted with a Dean-Stark trap, 
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condenser nitrogen inlet, mechanical stirrer, and thermometer. The mixture was heated to 60°C with stirring under a 
nitrogen atmosphere. After homogeneity had been reached, 16.000 g of a 50.00 wt% aqueous solution ot sodium 
hydroxide (0.2000 mol of sodium hydroxide) was slowty added over 1 0 min. The reaction mixture was heated to about 
140°C and the water azeotrope was collected. After 4 h. and complete dehydration was ensured, the temperature of 

5 the reaction mixture was increased to 200°C and the toluene was removed via distillation. The reaction mixture was 
cooled to 80°C and 31 .202 g (0.1000 mol) of 4,4'-dibromobiphenyl was added. The reaction mixture was then heated 
to 200°C. A 15 ml_ portion of a freshly prepared copper (I) chloride / quinoline solution (containing about 0.15 g of 
copper (I) chloride, 1 .00 mmol) was added and reaction mixture was maintained at 200°C for 17 h. A 10 g portion of 
bromobenzene was then added. After 1 h., the reaction mixture was cooled to 100°C, and 200 g of toluene was added. 

10 The reaction mixture was then quenched in a rapidly stirred solution ot 25 g of acetic acid in 1 0CX) g of methanol. The 
precipitate was isolated and placed in 2 L of boiling water for 8 h. The precipitate was first dried in an oven (10(fC) 
then dissolved in 300 g of tetrahydrof uran. The polymer solution was filtered then precipitated in 1 L of methanol. The 
precipitate was collected, washed with methanol, then dried in a vacuum oven (100*0) overnight. 

This procedure afforded 39.46 g of polymer, PAE-1 , which possessed the properties listed in Table 2. 

15 

Example 2 (Comparative example) 

The procedure of Example 1 was repeated except that the catalyst was prepared as follows. Copper (I) chloride 
(3.00 g , 0.223 mol) was added to 20 g of freshly distilled quinoline contained under a nitrogen blanket. The mixture 
20 was stirred at 25 °C for 48 h. A 10 mL portion of the decanted liquid was used as catalyst. 

The procedure afforded 37.15 g of polymer, PAE-1 , which possessed the properties listed in Tables 2, 3 and 4. 

Example 3 (Monomer B) 
25 The procedure of Example 2 was repeated except as follows: 

(a) 35.0421 g (0. 1 000 mol) of 9,9-bis(4-hydroxyphenyl)fluorene was used instead of the 2,2-bis-(4-hydroxyphenyl)- 
1 , 1 , 1 ,3, 3, 3-hexaf luoropropane; 

(b) after heating at 200°C for 1 7 h. , by which time most of the disodium salt of the 9,9-bis(4-hydroxyphenyl)fluorene 
30 had gone into solution, a 0.15 g portion of dry copper (I) chloride powder was added to the reaction mixture and 

the reaction mixture was then maintained at 200 °C for an additional 24 h. prior to addition of the bromobenzene; and 

(c) after filtration ,the tetrahydrof uran polymer solution was precipitated in 1 L of acetone, the precipitate collected, 
dissolved in 300 g of tetrahydrof uran, then reprecipitated in 1 L of acetone prior to drying in the vacuum oven. 

35 This procedure afforded approximately 42 g of polymer which possessed the properties listed in Tables 2, 3 and 

4. Analysis of the polymer by ICP-AES (inductively coupled plasma-atomic emission spectrometry) revealed that the 
copper and sodium contents in the dry polymer were less than 3.40 ppm and 6.00 ppm, respectively. 



40 



Example 4 (Monomer C) 



The general procedure for Example 3 was followed for the condensation of 35.0421 g (0.1000 mol) of 9,9-bis 
(4-hydroxyphenyl)fluorene with 38.8104 g (0.1000 mol) of 4,4--dibromoterphenyl. With a total reaction time of 41 h., 
the procedure afforded about 36.8 g of polymer which possessed the properties listed in Tables 2, 3, and 4. 

45 Example 5 (Monomers B/C) 

The general procedure for Example 3 was followed for the condensation of 35.0421 g (0.1000 mol) of 9,9-bis 
(4-hydroxyphenyl)ftuorene with 15.6010 g (0.0500 mol) of 4,4'<Jibromobiphenyl and 19.4052 g (0.0500 mol) of 4,4'- 
dibromoterphenyl. With a total reaction time of 41 h., the procedure afforded about 43.8 g of polymer, PAE-4, which 
50 possessed the properties listed in Tables 2, 3 and 4. 



55 
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Table 2. Molecular Weight Distribution for Examples 1-5. 



Example 


Polymer Structure 


Mw a 




Mw/Mn 












1 




F 3 </''CF 3 . 
PAE-l 




20,000 


7,700 

poor film 
forming 
molecular 
weight 


2.58 


2 




L F 3 C CF 3 J 
PAE-l 




41,100 


15,400 

good film 
forming 
molecular 
weight 


2.66 


3 




PAE-2 




65,300 


20,700 

good film 
forming 
molecular 
weight 


3.16 


4 




PAE-3 




45,400 


11,400 

good film 
forming 
molecular 
weight 


3.98 


5 






0.5 




75,800 


25,700 

good film 
forming 
molecular 
weight 


2.95 




^ij? ll^J 0 

PAE-4 


5 





a) Weight average molecular weight, b) Number average molecular weight. 
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Table 3. 



Glass Transition Temperat 
Mechanics 


ure (Tg) of Poly(arylene ether)s, Examples 2-5, as Determined by DSC and by Dynamic 
I Analysis of Uncured (Thermoplastic) and Cured (Thermoset) Polymer 




Tg(°C) 


Polymer 


via DSC a 


via DMA of Uncured 
Polymer b 


via DMA of Cured 
Polymer 6 










Example 2 PAE-1 


166 


182 




Example 3 PAE-2 


257 1 


275 


291 


Example 4 PAE-3 


271 


288 




Example 5 PAE-4 


273 


289 


1 



a > Obtained with a Perkin Elmer DSC 7 Differential Scanning Calorimeter 
Figure 2. Tan d is e/F and again is aiustrated in Figure 2 ^ and e known as the toss modulus and is also illustrated in 



Table 4. 





Tensile Modulus, Thermal Stability, and Moisture Absorption for Examples 2-5 






Thermal Stability 6 


Moisture Absorption 0 


Polymer 


Tensile 
Modulus 3 
(dynes/cm 2 ) 


wt% Loss at 
400°C after 


wt% Loss at 
450°C after 


wt% Gain via 

Water 
Immersion at 

23°C 


wt % Gain at 
29°C/85 RH 














Example 2 
PAE-1 


1.23 x 10 10 


2 h. 0 47 
4 h. 0.63 
6 h. 0.72 


2h. 1.45 
4 h. 2.38 
6h. 3.16 


0.164 




Example 3 
PAE-2 


1.45 x 10^0 


2 h. 0.24 
4 h. 0.32 
6 h. 0.36 


2 h. 0.48 
4 h. 0.73 
6 h. 0.91 


0.332 


0.279 


Example 4 
PAE-3 


1.32 x10 10 


2 h. 0.31 
4 h. 0.47 
6 h. 0.57 


2 h. 0.99 
4h. 1.39 
6h. 1.65 


0.325 


0.301 


Example 5 
PAE-4 

a) Samples of PAE-1, 


1.39 x10 10 

PAE-2. PAE-3. and PAE 


2 h. 0.42 
4 h. 0.58 
6 h. 0.65 


2 h. 0.82 
4h. 1.10 
6h. 1.26 




0.275 



3«M0O.C.(PAE-, ^^P^ma^^^'r^^^^^ \ 4 ,0cm " 1 °™> ™* ™*« - 

a RheomeWcsRSA-ll in the tensile mode. ana rAfc-4 at 375WC). The dynamic mechanical propemes were determined using 

b)Ob^inedona Perkin-Bmer TQA7 Thermogravimetric Anaryzerwrth 100 mg tes, samptos and conducted in an atmosphere o, nitrogen 

21^!^ 

S^Sq^^^mI 3 ^ r t PlaCe,nen, °' the hexafluoroisopropylidene .inking group (Example 1/2; US-A- 
n^l ?t T , 9 - 9 i ^ s < 4 ^ drax yP he "y')fl«orene linking group (Examples 3, 4, and 5) that the glass transition tem- 
Perature(Tg), s elevated by 90-100°C. In Tab.e4.it can be seen that this same linking group replacement also enrTancTs 
^ ma ' Stebi ' i,y °' ,hGSe ** °' ,h6Se chara «* -e needed fo rSESJ 

toW^SZSZ™ < mCrOChiPS - ThUS ' ' hiS iWen,k>n iS 8n im P'°— o-r the compositions taught 
by US-A-3,332,909 and the present invention discloses a dielectric utility undisclosed in that patent. 
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k , h ™fw?i heS ? 01 Hf 88 P ° lyrnerS VB Ullmam e,her synthesis affords "on-branched, linear polymers as indicated 
by the Mw/Mn values (2.66-3.98) listed in Table 2. In oider to have good success in gap-fil. between metal linesonl 

P mT^ P ° lymer m °' eCUlar Wei9h ' and degree °' brancni "9 is ^ taught in Meicer 

fai i. ? * ^ °° dman - T: **** En9 (1992) ^ 198 "' the P re P ara,i °n of fluorinated Sy 

n Mw/Mn 3.02 to 39.38) H,gh Mw/Mn values indicate branching in the polymer chain, making them potentially difficult 
hJ ^ZlifE 8 Furthe T re ' 016 hiQh MW/M " Va,U6S reported ,or ,he fluori n^ poly(arylene ether)s indicates mat 

with sdca at h.gh temperatures has been reported by Hendricks. N. H.; Vfen, B.; Smith. A.; Proceedings First Interna- 
tional Dtetoctncs tor VLSI / ULS, multilevel Interconnection Conference (DOMIC), 1995. pp 283*9 )%,ere may ato 
be a problem , with reaction ol these fluorines under the conditions required for metal deposition Thus the present 
mvent.cn, with its low Mw/Mn ratios, is an improvement over the compositions taught by Mercer et al ' 
di^S'LT 6 .^f P fOVided n Table 4 'ndioate that low moisture absorption is observed for' the polymers of the 
J * ™ ,6 "f ° f me present ,nven,i °n- ^"y. POlyimides have moisture absorptions a magnitude greater, gen- 
eric t I ' e abSOfP,i0n ThUS ' thiS inVention is an ^Provement over polyimide compositions used as 



Example 6 Thermal Crossllnkinq of Polyfarylene ether)s 

A 10 wt% solution ol the polymer of Example 3 (PAE-2) which was dissolved in tetrahydrofuran was placed in the 
cavrty of a 11 cm ID glass ring which was laid on a glass plate. After solvent evaporation, a 35 micrometers thick, 
circular film was formed which was easily lifted from the glass plate by placing in warm water (<50*C). Residual solvent 

Ho l^l n H? ? T« e 1 femOVed bV PlaCh9 ^ fi ' m ° n 3 9laSS Pb,e COntained in a ™»™ oven (1.0 mm 
Hft 1 33 Pa) and heating the film first at 1 0O'C for 1 7 h. , then 200»C for 24 h. , followed by 280°C for 24 h After coolina 

,h* i e ,T 0 T er ,!^ ^ °" 3 PyreX ™ 9laSS P ' a,e C ° n,ained in a muffle ,urnace U n^r a nitrogen atmosphere 
the mm was heated from room temperature to 350°C over a period of 15 min. The film was maintained at 350«C fo 

h Mn 00 ^ fi ' m ' r0m ,h6 Py,8X ™ 9bSS Pla,e required placi n9 « h e film/glass in boiling water for 4 

h. After which time, the film was coated with very thin sheets of glass which had come from the glass plate 

The thermal treatment of the polymer in this fashion resulted in some flow of the polymer and adhesion of the 
SrTK 5" 9 f. adheSiVe Stren9,h 01 the POlymef to ,he 9 ,ass *» 9^ter than the cohesive strength of the 
Stl of ITS f !T«! °' P ° ,ymer fi,m alS ° Cfea,ed cross,i n^n9 within the polymer structure as e^dent by 
the lack of solubility of the film ,n tetrahydrofuran and a substantial tensile modulus, E\ of the film at temperatures 

£Z ^ 'IT 0 ' ? 'T Siti0n ,empera,ure (T9). ^ shown in Figure 2. In Figure 2, from 25 to 270>C (below the 
272 C Tg ol the polymer), the tensile modulus (E') was 2.0 x 10™ dynes/err* From 350 to 450»C (above the 272°C 

i . h lf Vm | 0, ' enSile m0dU ' US (E>) WaS 2 7 x 107 dynes/cm2 as shown in Figure 2. E", the loss modulus is 
(Tg), which as illustrated in Figure 2 occurs at 291 9 C. 

Example 7 Application of Polyfarylene eth e rls to Silicon Wafers via Sp in-Coating 

A 6 inch (1 5cm) silicon wafer was centered on the spinning chuck of a Solitec™ spin coater and held in place via 

mf5 in 8 ^r * C '°^ in9 Chamb6r ' ,he a,mosphere was saturated with cyclohexanone. Approximately 1 0 
mL of a 10 wt/. polymer solution prepared from the polymer of Example 3 (PAE-2) and dissolved in cyclohexanone 

£? . 1 SO,U,IOn W3S add6d 10 ' he C6n,er °' ,he Waf er (^"'""9 a to,al of about 5 mL ol polymer 
ST* ^! 1 6r r ° ,a,,0n WaS men inCreased to ^O" 35 ^ rpm. This rate was maintained for a period of 
15-40 sec. After which time, the wafer was removed from the spinner and dried in air on a hot plate set at 80-1 20°C 

^^li'so^^™ '° " (<1 "° ^ Pa) "* * 25 °- 310 ° C in order to remove the last 

This Procedure afforded a uniform coating of the polymer on the wafer with a thickness of 1-5 micrometers The 
M% 9 oxTgen) en cmssSinksd b V P^ing the wafer in a 400^50°C oven for 1 h. with a nitrogen atmosphere 

d J2r^° f E Ti"L 3 (PAE 2) ^ EXample 5 (PAE ' 4) were ^idually spun onto separate silicon wafers as 
A^s £1 1Z° T hT 31 I' 0 °° ,0f 2 ^ Si ' iCOn C0Hted PAE - 2 had a film thickness of 2400 
S u rlTc 6f 003,6(1 ^ PAE " 4 ^ 3 fi,m lhickness of 5000 Angstroms (SOOnm). The dielectric 

constant (e) for the PAE-2 film was then measured with a Material Development Corp. Model CSM/2 semiconductor 
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^^TJZZZ^l m T ^ 3 T*" ^ e,CC,r0de) ^ PAE " 2 ^ film •«* a die.ect ri o 
constant of e _ 2.28 at 1 MHz. Both polymer coated wafers were then thermally cured at 450 'C for one and one half 

film had a d.e.ec.nc constant of c = 2.41 at 1 MHz. and the PAE-4 polymer film had a dielectric constant of . J2K 

The polyjarylene ethers) of the present invention provide unexpected properties as a dielectric material and oar 

(arytene ether) wh,ch do no. have: (i) fluorinated substituents which may be reactL especial^me^ducS 
matenaMJs.gnrf.can.lypo.arizab.e functional 

hum!? T° T***; W9h ,hem1a, S,abi,ity ' abi,tty t0 s °«<™*«<* and low hydrophilfcity S5 S reSe 
humbly cond rt »ns. The poly(arylene ethers) dielectric materials of the present inven.L are aJso 2hS 

the 0 ?pL P T TT E* b6en ^ ,0rth Wfth rS9ard ,0 several pre,erred embodiments, however KS£S£ 
the present mvention should be ascertained from the claims which follow. 

Claims 

1 " unToTl^^ 



~\r O— An— o— Ar 2 -(-[— o— Ar 3 — o— Ar 4 -[- 



m 



n 



wherein m = 0 to 1.0; and n = 1.0 - m; and Ar„ Ar 2 , Ar 3 and Ar 4 are individually divalent arylene radicals said 
polymer not containing halogen or other metal-reactive groups. ^ ' 



2. TheuseaccordingtoClaim 1, whereinAr,, Ar 2 , Ar 3 and Ar 4 are individually divalent arylene radicals 



selected from: 




provided that Ar„ Ar* Ar 3 and Ar 4 together, other than the diradbal 9,9-diphenyffluoren, 
aisnis. * 



te, are not isomeric equiv- 
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3. The use according to Claim 2 t wherein said polymer has repeating units of a structure: 




n 



wherein m = 0 to 1 .0; and n = 1 .0 - m; and and Ar 3 are individually divalent arylene radicals selected from: 




4. The use according to any one of the preceding claims, wherein m=0.5-1 .0. 

5. The use according to any one of Claims 1 to 3, wherein m=1 and Ar t is biphenyl. 

6. The use according to Claim 5, wherein said polymer has a repeating unit of the structure: 




PAE-2 
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8. 



EP 0 758 664 A1 

The use according to any one of Claims 1 to 3, wherein m=1 and Aj^ is terphenyl. 

The use according to Claim 7, wherein said polymer has a repeating unit of the structure: 




PAE-3 

9. The use according to Claim 3, wherein m=0.5 and n=0.5. 

10. The use according to Claim 9, wherein said polymer has a repeating unit of the structure: 




0.50 



PAE-4 



11. The use according to any one of the preceding claims, wherein said polymer is a homopolymer consisting of a 
single repeat unit. 

12. The use according to any one of Claims 1 to 10, wherein said polymer is a copolymer having at least 60 mole% 
of repeat units of the said structure. 

13. The use according to any one of the preceding claims, wherein said poly(arylene ether) polymer is crosslinked. 
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14. The use according to any one of the preceding claims, wherein the dielectric material is an interlayer dielectric 
material. 

15. A dielectric material provided on a microelectronic device characterized in that said material contains a poly(arylene 
ether) polymer as defined in any one of Claims 1 to 13. 

1 6. A microelectronic device comprising a dielectric material characterized in that said material contains a poly(arylene 
ether) polymer as defined in any one of Claims 1 to 13. 

17. An integrated circuit having dielectric material adjacent conductive regions, between conductive regions, between 
adjacent conductors and/or as a layer between said conductors, characterized in that said dielectric material in at 
least one of said locations contains a poly(arylene ether) polymer as defined in any one of Claims 1 to 13. 
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Fig. 2 
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